We investigated the anesthetic effects of propofol on the electrocardiogram (ECG) in mice. We also compared the effects of isoflurane (2%) inhalation anesthesia, intraperitoneal propofol (50 or 100 mg/kg), and pentobarbital (50 mg/kg) on ECG in mice. Isoflurane inhalation and pentobarbital anesthesia were both associated with an acceptable heart rate (HR) range (ca. 450 -500 bpm). In contrast, high-dose propofol anesthesia significantly decreased the HR. Importantly, propofol anesthesia led to significantly reduced responses to propranolol, a b-blocker, suggesting that it affects sympathetic tonus and is not suitable for the evaluation of cardiovascular or sympathetic function. Propofol also reduced the response to atropine, indicative of suppression of mouse parasympathetic nerve activity. Our data suggest that propofol anesthesia should not be the first choice for cardiovascular analysis in mice.
Introduction
Suitable general anesthesia of laboratory animals is important for reliable pharmacological studies. Recently, transgenic mice have become a popular model system for studies of human inherited cardiac disease. Electrophysiological studies, including electrocardiograms (ECGs), have recently been performed on transgenic mice to characterize the electrical phenotype of the heart. However, little is known regarding the impact of experimental conditions or model selection on the outcome of electrophysiological studies in mice.
The type of anesthetic used varies depending on the type of experiment. Some anesthetics have cardioprotective effects, which may be relevant in experiments studying ischemia (1, 2) . Several studies have examined the influence of commonly used anesthetics on the shortterm and non-invasive assessment of cardiac function by echocardiography (3, 4) . Sodium pentobarbital and ketamine/xylazine have been widely used in mice (5) . Inhalation anesthetic agents such as isoflurane have significant advantages in invasive studies (6) . Isoflurane anesthesia has little effect on the hemodynamic status of mice, compared to other injectable anesthetics such as pentobarbital and ketamine/xylazine (6, 7) . Because managing inhalation anesthesia with isoflurane is straightforward, this agent has frequently been employed in animal studies; however, its use requires a specific apparatus. Furthermore, the use of both isoflurane and injectable anesthetic combinations, such as ketamine with xylazine, has increased worldwide (8) . However, since ketamine was classified as a narcotic drug in 2006, its use in Japan has significantly decreased. Pentobarbital sodium, which is also used for laboratory animal experiments, is no longer manufactured. Therefore, other anesthetic agents that can be used without a special license are needed.
Propofol has been widely used as a part of an anesthesia maintenance technique known as total intravenous anesthesia (TIVA). Propofol is also used to sedate indi-viduals who are receiving mechanical ventilation but are not undergoing surgery, such as patients in intensive care units. Propofol is also used for procedural sedation. On the other hand, several problems, especially in children, have been reported (9) .
Concerning the effects of propofol on different species, it is assumed that the drug acts upon the gammaaminobutyric acid-mediated (GABAergic) system, although there are inconsistencies concerning its pharmacological action. A suppressive effect of propofol has been reported on human sympathetic nerve activity (10) , with similar effects observed in rat and rabbit models (11, 12) . However, no suppressive effect was detected in dogs (13) .
Isoflurane, pentobarbital, and propofol are thought to act on the GABAergic pathway, although the mechanisms of action, of both agents, are not completely understood. However, their pharmacokinetic properties differ markedly. Isoflurane has a short terminal half-life (ca. 10 min) and a commensurately short recovery period. Propofol is a short-acting anesthesia (half-life: 30 -60 min), whereas pentobarbital has a long half-life (15 -48 h). Nevertheless, anesthesia availability is somewhat limited, such that demand remains relatively high.
In the present study, we evaluated the use of propofol in cardiovascular analysis of mice. We examined ECG with intraperitoneal anesthesia (propofol or pentobarbital) or with isoflurane inhalation anesthesia. We believe that the data obtained in this study could provide a basis for selection of anesthetic regimens for future pharmacological studies.
Materials and Methods
This study was performed in accordance with the institutional guidelines of Hirosaki University and was approved by its Animal Care and Use Committee. Eightweek-old C57BL6 mice were purchased (Japan SLC, Inc., Shizuoka) and housed under standard laboratory conditions.
General anesthesia
Male C57BL6 mice (12 -16-week-old) weighing 32 ± 3 g were used.
Propofol was purchased from Maruishi Pharmaceutical Co., Ltd. (Osaka). Telemetric ECG results were examined as described previously (14, 15) .
The induction time for anesthesia was defined as the time between the onset of anesthetic administration to the loss of three successive righting reflexes (ca. 5 s). The anesthesia maintenance time was defined as the time between the loss of the righting reflex and its recovery (i.e., the ability to perform three successive righting reflexes).
In preliminary experiments, the dose of pentobarbital or propofol at which the righting reflex was abolished, after ≥ 30 min, was 50 mg/kg. For anesthesia, mice were intraperitoneally injected with 50 mg/kg of sodium pentobarbital (Nembutal; Dainippon-Sumitomo Seiyaku Co., Ltd., Osaka). Propofol anesthesia was induced with intraperitoneal injection of either low (50 mg/kg) or high (100 mg/kg) doses.
In the inhalation group, anesthesia was induced by placing the mice in an anesthesia induction chamber (15 × 15 × 7 cm) containing 2% isoflurane (Forane; Abbott Japan Co., Ltd., Tokyo) and room air. For isoflurane inhalation anesthesia, the airflow rate was 2 L/min. Subsequently, anesthesia was maintained for a 30-min period (anesthetic maintenance state) using 2% inhalation anesthesia. Ten minutes subsequent to the induction of each anesthesia, basal ECG was recorded for 5 min, followed by pharmacological analyses being performed for a further 20 min.
The behavioral endpoint of loss of righting reflex (LORR) was used to investigate the hypnotic properties of anesthetics in mice. All experiments were conducted between 1:00 p.m. and 4:00 p.m. In a preliminary study, body temperature was evaluated: no significant differences between the three anesthesia procedures were observed (isoflurane, 36.6°C ± 0.2°C, n = 6; pentobarbital, 36.3°C ± 0.2°C, n = 6; propofol, 36.2°C ± 0.1°C, n = 6, P > 0.05; isoflurane vs. pentobarbital, P > 0.05, isoflurane vs. propofol).
Evaluation of heart rate (HR)
ECG recordings and measurements of HR, R-R interval, and ECG parameters (PR, QRS, and QT time) were obtained simultaneously using an ML846 Power Lab system (AD Instruments, Dunedin, New Zealand). Heart-rate variability (HRV) is considered to be an indicator of cardiac vagal control (16, 17) . HRV analysis was divided into two separate analyses: time domain analysis was based on deviations from the R-R interval mean (SD of R-R intervals: SDNN); spectral analysis was based on the HRV power spectrum. SDNN represents total variability. The HRV power spectrum comprises three components: very low frequency (VLF), low frequency (LF), and high frequency (HF). Generally, the LF component reflects sympathetic/parasympathetic tone, whereas the HF component reflects parasympathetic tone. The authors specified the following ranges for the spectral components, according to the manufacturer's protocol: very low frequency (VLF), < 0.15; low frequency (LF), < 1.5; and high frequency (HF), < 5. For pharmacological analysis, mice were administered propranolol (0.1, 0.2, 0.4, and 0.8 mg/kg) for sympathetic blockade or atropine (1.0 mg/kg) for parasympathetic blockade.
RNA isolation and RT-PCR
For expression analysis, mice were anesthetized for 30 min (with no other manipulation applied) and hearts were subsequently isolated.
Total RNA isolation from the entire heart, reverse transcription reactions, and PCR amplifications were performed using standard methods (18) . To avoid contamination with genomic DNA in RT-PCR analysis, each primer set was designed to span at least one intron. A voltage-dependent calcium channel b2 subunitspecific sequence was amplified by PCR with the following primers: MB2S (5′-CTA GAG AAC ATG AGG CTA CAG-3′) and MB2A (5′-ACT GTT TGC ACT GGG CTT AGG-3′), corresponding to the sequences of the murine b2 subunits L 131 ENMRLQ 137 and P 198 KPSANS 204 . RT-PCR amplification of the CaV1.2 (a 1C ) subunit was performed using the specific primers MA1C3 (5′-TTG GCC ATT GCG GTG GAC AAC CTG-3′) and MA1C4 (5′-CTG GAG TGC ATC CAT GTG TAT CTT G-3′), which generated a PCR product of 237 bp.
Statistical analyses
The results are expressed as means ± standard error (S.E.M.). Statistical significance was determined by analysis of variance (ANOVA) followed by Dunnett's test and P-values less than 0.05 were considered to indicate significance. Figure 1A shows representative ECG traces. With isoflurane or pentobarbital anesthesia, HR values were in an acceptable range (ca. 450 -500 bpm). Intraperitoneal injection of propranolol (0.8 mg/kg) significantly elon- Fig. 1 . Representative ECG traces and heart rates. A) Representative ECG traces of negative control mice (control), during administration of isoflurane (2%), pentobarbital (50 mg/kg), or low-(50 mg/kg) or high-(100 mg/kg) dose propofol. Names of the types of anesthesia are indicated. Left panel shows ECG traces at the basal state. Right panel shows ECG recordings after propranolol (0.8 mg/kg) injection. B) Representative ECG traces of the average view of negative control mice or mice administered isoflurane (2%), pentobarbital (50 mg/kg), or low-(50 mg/kg) or high-(100 mg/kg) dose propofol. C) Bee swarm box plot of HR under various types of anesthesia. The anesthesia regimens were gaseous isoflurane (Iso), pentobarbital (Pent), low-dose propofol (Pro low), or high-dose propofol (Pro high). Mice administered high-dose propofol had significantly decreased HR compared to controls (*P < 0.05). High-dose propofol significantly decreased HR compared to isoflurane ( # P < 0.05) or pentobarbital ( $ P < 0.05). Effects of the b-blocker propranolol (0.8 mg/kg) are shown in the middle panel. Effects of the muscarinic acetylcholine receptor antagonist atropine (1.0 mg/kg) are shown in the right panel. *P < 0.05, the difference between the control group and other anesthesia groups. # P < 0.05, the difference between the isoflurane anesthesia and other anesthesia groups. $ P < 0.05, the difference between the pentobarbital anesthesia and other anesthesia groups.
Results
! P < 0.05, differences in basal heart rate among the various types of anesthesia. gated R-R intervals in both groups (right panel). Following intraperitoneal injection of high-dose propofol (100 mg/kg), R-R intervals were apparently elongated (Fig. 1A) . In contrast, low-dose propofol (50 mg/kg) had a limited effect on HR. Furthermore, propranolol was associated with only limited changes in HR following propofol anesthesia. With low-dose propofol anesthesia, some mice showed mild myoclonic movements, a common side effect seen with other intravenous hypnotic agents, (19) . In these cases, no further experimentation was undertaken.
ECG averaging (using an ECG Analysis Add-On software package, Power Lab System, AD Instruments) showed conserved P, Q, R, S, and T waves (Fig. 1B) . For each anesthesia method, no significant differences from basal status were noted in any of the parameters measured, including PQ interval or QTc interval (data not shown).
A bee swarm box plot, conducted using internet-based software (BoxPlotR) (20) , revealed a relatively high HR following isoflurane administration (468 ± 9 bpm, n = 16). Pentobarbital injection (50 mg/kg) resulted in a similar HR (498 ± 19 bpm, n = 15; Fig. 1C ) as low-dose propofol anesthesia (449 ± 20 bpm, n = 15), while highdose propofol significantly decreased the HR (324 ± 22 bpm, n = 17; Fig. 1C ).
Propranolol injection (0.8 mg/kg) resulted in a decreased HR with isoflurane or pentobarbital anesthesia, while limited responses were observed with low-dose propofol. Furthermore, high-dose propofol-treated animals were characterized by only marginal responses to propranolol (Fig. 1C, middle panel) .
In addition, the effect of each type of anesthesia on parasympathetic nerve activity was examined in conjunction with atropine, a competitive muscarinic acetylcholine receptor antagonist. Atropine (1.0 mg/kg) significantly increased HR in the control and isoflurane groups. Atropine also tended to increase HR in the pentobarbital group, although this effect did not reach significance (P > 0.05 vs. basal). Atropine had no significant effect on the propofol group (Fig. 1C, right panel) .
HR components were further analyzed. In a Poincaré plot (also known as a return map and named after Henri Poincaré), which can be used to quantify self-similarity in periodic functions such as R-R intervals, a sequence for each interval is plotted against the subsequent interval. Therefore, R-R intervals for an event n are plotted as RR (n) on the x-axis, vs. RR (n + 1) on the y-axis. If the R-R interval is sufficiently stable, a single dot will be plotted. However, if the R-R interval is unstable, the dots will be scattered. Figure 2 shows representative Poincaré plots for each anesthesia type. These show relatively stable R-R intervals with isoflurane anesthesia (B), while pentobarbital anesthesia apparently increased the number of beats with varying R-R intervals (C). When using pentobarbital, we occasionally observed elongated R-R intervals (arrows), possibly due to ectopic (premature) post-ectopic contraction, or to other factors such as an unstable baseline. Low-dose propofol (50 mg/kg) anesthesia showed relatively stable R-R intervals (D), while high-dose propofol (100 mg/kg) anesthesia resulted in elongated and varying R-R intervals (E).
The mean of all normal RR intervals (SDNN) was , and high-dose propofol (E). Isoflurane anesthesia showed highly conserved R-R intervals, while those under pentobarbital or propofol were unstable. F) SDNN in negative control mice (n = 11) and mice anesthetized with isoflurane (n = 16), pentobarbital (n = 16), low-dose propofol (n = 14), or high-dose propofol (n = 17). *P < 0.05, the difference between the control group and other anesthesia groups.
calculated. The SDNN is assumed to provide a measure of total autonomic variability, although calculated SDNNs are not always reliable (21) . Therefore, accurately evaluating autonomic nerve activity using HR variability measures can be problematic (14) . Pentobarbital, and high-dose propofol, were associated with increased SDNN compared with isoflurane anesthesia (Fig. 2F) . However, we observed no significant changes in control mice administered isoflurane, pentobarbital, or propofol anesthesia. Significant increases in SDNN are indicative of an unstable R-R interval. The possibility that low HR, in response to high-dose propofol, for example, could affect SDNN should be considered. In combination with the scattered dots observed in the Poincaré plot (Fig. 2E) , our present data suggest that high-dose propofol significantly affects HR variability. We subsequently analyzed the power spectrum during each period of anesthesia (Fig. 3) . In control mice, analyzing the power spectrum was problematic because the animals were free to move, eat, and drink in their home cage. Therefore, we instead analyzed the power spectrum of anesthetized mice. Figure 3A depicts representative power spectra from each anesthesia period.
Power spectral analysis revealed increased lowfrequency parameter values (LF) with pentobarbital anesthesia (15.1 ± 2.1 ms 2 , n = 15), compared to those with isoflurane (6.6 ± 0.9 ms 2 , n = 16), resulting in an increased low frequency/high frequency (LF/HF) ratio (1.76% ± 0.17%, n = 15, right panel) compared with isoflurane (0.74% ± 0.11%, n = 16) and suggesting modified sympathetic tonus. There were significant differences in LFs between pentobarbital anesthesia and low-or high-dose propofol anesthesia.
Propofol anesthesia resulted in lower LF/HF ratios (low dose: 0.34% ± 0.08%, n = 15; high dose: 0.38% ± 0.07%, n = 16) compared with isoflurane or pentobarbital, suggesting decreased sympathetic tonus.
Sympathetic blockade (propranolol)
Because isoflurane inhalation anesthesia produced superior HR results, and as isoflurane is probably the most widely used inhalation anesthetic in Japan, we subsequently analyzed dose-dependent pharmacological responses to propranolol, a typical adrenergic b-blocker, under isoflurane or propofol anesthesia. Propranolol (0.1 -0.8 mg/kg body weight) resulted in decreased HRs in isoflurane-anesthetized mice (Fig. 4A) . On the other hand, under either low-or high-dose propofol anesthesia, propranolol had limited effects on HR. This significantly decreased response indicates decreased sympathetic tonus.
To explore the possibility that any of the anesthesia methods affect the expression of pace-making genes, we analyzed the expression of voltage-dependent calcium channels by RT-PCR, after ca. 30-min treatment with each anesthetic (Fig. 4B) . No effect was seen on the expression of CaV1.2, which forms the a1 subunit of voltage-dependent calcium channels in the heart, or of CaCVb2, which forms a physiologically important auxiliary subunit of those channels.
Discussion
We examined the electrophysiological effects of propofol anesthesia and compared them to those of isoflurane and pentobarbital anesthesia. Low-dose propofol limited the responses to propranolol. High-dose propofol decreased the HR. Decreased LF/HF and limited responses to propranolol indicated that propofol anesthesia decreased sympathetic tonus. On the other hand, under isoflurane anesthesia, HRs were high and stable. Pentobarbital anesthesia also maintained the HR, although R-R intervals were less stable. Data obtained under isoflurane anesthesia were sufficient to allow for interpretation of the effects of pharmacological manipulation using an adrenergic b-blocker (propranolol) or a muscarinic antagonist (atropine).
In the present study, we focused on the use of propofol for electrophysiological analysis. Propofol is used for procedural sedation and has a rapid recovery time. Propofol has several side effects, such as low blood pressure related to vasodilation, transient apnea following induction doses, and cerebrovascular effects (22) . Decreases in blood pressure with propofol anesthesia are thought to be due in part to inhibition of sympathetic tonus (23) . Propofol can also cause decreases in systemic vascular resistance, myocardial blood flow, and oxygen consumption, possibly through direct vasodilation (24) .
The decreased sympathetic tonus noted in the present study may be relevant to these side effects.
Recently, transgenic mice have been used to evaluate the physiological importance of single genes as models of human diseases. The resulting information may be utilized for the development of new drugs. Anesthesia is often required for experimental interventions and phenotypic evaluations in transgenic mice. However, in such experiments, anesthesia-related accidents often occur, including death and unexpected hypotension. A wide range of anesthetic regimens has been used, based on strain differences, previous experience, and institutional regulations (25) . Janssen et al. reported that isoflurane had less effect on systemic hemodynamic factors in mice than did pentobarbital anesthetics (6). While Szczesny et al. reported that isoflurane anesthesia is useful for experimental studies on mice because of its simple administration, rapid anesthesia induction, and easy control of the depth of anesthesia (26), while inhalation anesthesia requires a specialized apparatus. Therefore, inhalation anesthesia for mice has been performed in a limited number of laboratories.
In this study, we analyzed ECG recordings under various types of anesthesia. Our results demonstrate that the electrophysiological state (HR) is more stable under isoflurane anesthesia than under pentobarbital or propofol. It is also necessary to consider the fact that the depth of anesthesia may also affect factors such as plasma catecholamine levels. Thus, our results highlight the importance of selecting an appropriate anesthetic and its suitable dosage.
Appleton et al. reported that a mixture of ketamine, xylazine, and acepromazine had profound effects on cardiac electrophysiological factors, relative to pentobarbital or isoflurane (27) . In the present study, we investigated the differences between propofol, sodium pentobarbital, and isoflurane inhalation anesthesia. Isoflurane anesthesia possessed two clear advantages: a stable HR and good response to both the b-blocker propranolol and to atropine.
Low-dose propofol (50 mg/kg) produced a HR in mice (449 ± 20.0 bpm) comparable to that seen with isoflurane. After injection of 100 mg/kg propofol, i.p., HR decreased to 324 ± 22 bpm (a 28% reduction). This is a significant decrease relative to isoflurane-anesthetized mice (Fig. 1) .
A dose of 50 mg/kg pentobarbital, i.p. increased HR variability, as clearly shown in Poincaré plots (Fig. 2B) . Similarly, intraperitoneal injection of propofol increased HR variability (Fig. 2: C and D) .
However, isoflurane anesthesia was associated with an acceptable degree of HR variability, suggesting that isoflurane inhalation anesthesia could be useful for evaluating cardiovascular parameters. It is possible that HR variability is not dependent on the autonomic nervous system alone: both the sympathetic and parasympathetic nerve are likely to have an effect on LFs and HFs, in a non-linear fashion (28) . R-R intervals are also influenced by other factors, such as the respiratory cycle. Calculated HRV parameters accordingly produce complex LF, HF, and LF/HF data. We suggest that calculated LF/HF data may not be appropriate to accurately quantify the cardiac "sympatho-vagal balance" (28) . One advantage of HRV analysis is that it assesses the effect of various manipulations using simple ECG recordings.
General anesthetics are known to reduce the HR in both mice and humans (29, 30) . However, the HR depression is much less pronounced in humans. For example, thiopental and low doses of propofol slightly increase HR, whereas higher doses of propofol and etomidate depress the HR (31). However, in mice, HR depression is usually stronger, due either to differences in the regulation of the cardiac system or to the higher dosages usually used in animal experimentation (27, 29) .
In conclusion, high-dose propofol decreased HR and blocked responses to propranolol. At a lower dose, it limited the response to propranolol, while inhalation anesthesia maintained both an appropriate HR and good responses to propranolol. Nevertheless, our present data strongly suggest that propofol anesthesia should not be the first choice for cardiovascular analysis in mice, although it is widely used in humans.
Our present results indicate the importance of selecting an anesthesia method appropriate to the goals of experimental pharmacology studies.
